Transparent crystallized glass with a surface crystallization layer of sub-millimeter thickness was found in the glass compositions of 35BaO15TiO 2 50GeO 2 (BTG50), 28BaO18TiO 2 54SiO 2 (BTS54), and 35SrO20TiO 2 45SiO 2 (STS45), and the precipitated fresnoite-type crystalline phase showed nonlinear optical properties. XRD 
Introduction
Crystallized glasses are promising for use as active materials/ devices in the field of optical communications because they possess properties of both glassy and crystalline materials, such as transparency, flexibility, and optical nonlinearity. In particular, crystallized glass with second-order optical nonlinearity can be used for fiber-type optical switches and modulators. Recently, Ohara et al. reported novel electrooptic (EO) devices fabricated using special structured fibers, doubly clad in crystallized glass with oriented surface crystallization. 1) Although nanowatt EO operations have been performed for variable optical attenuation, large excess loss due to crystallization might be an important consideration for future applications.
Surface crystallization of glass with crystalline orientation parallel to the polarization axis is very useful for obtaining a macroscopic effect based on second-order optical nonlinearity. In addition to optical transparency, the crystallized layer must be uniform for maintaining coherent light propagation. Bulk crystallization through homogeneous nucleation precipitates randomly oriented crystals, which act as a source of light scattering. Therefore, preventing bulk crystallization is important to obtain low-loss optical waveguides with active functionality in crystallized glass.
Previous studies on the surface crystallization of glass only report its process, morphology, and mechanism. The thickness and uniformity of the crystalline surface layer required for use as an optical waveguide were not examined.
Fresnoite 7 . The TiO 5 unit should induce a relatively large anisotropic polarization, i.e., spontaneous polarization along the c-axis. Glasses with these compositions are easy to vitrify because they contain the glassforming oxide SiO 2 or GeO 2 . Alignment of the TiO 5 unit parallel to the c-axis in crystallized glass has been reported to cause large second-order optical nonlinearity. 5)8) However, for the reported glass composition, e.g., 30BaO15TiO 2 55GeO 2 , precise control of crystallization is difficult because surface crystallization and bulk crystallization occur simultaneously. Our group has studied the crystallization behaviors of ternary glasses BaOTiO 2 GeO 2 , 9) BaOTiO 2 SiO 2 , 10) and SrOTiO 2 SiO 2 . In this study, we found preferential surface crystallized glass compositions with transparency and crystalline orientation, i.e. 35BaO15TiO 2 50GeO 2 , 28BaO18TiO 2 54SiO 2 , and 35SrO 20TiO 2 45SiO 2 , and the article reports their crystallization behavior and optical properties.
Experimental
Raw powders of BaCO 3 (99.95%), SrCO 3 (99.9%), TiO 2 (99.99%), GeO 2 (99.99%), SiO 2 (99.9%) were weighed and mixed to obtain 35BaO15TiO 2 50GeO 2 (BTG50), 28BaO 18TiO 2 54SiO 2 (BTS54), and 35SrO20TiO 2 45SiO 2 (STS45) glasses. The mixed powders were placed in a platinum crucible in an electric furnace. BTG50, BTS54, and STS45 and melted at temperatures of 1350, 1550, and 1500°C, respectively. Then, for vitrification, they were splat onto a stainless plate preheated to 220°C. All glass samples were transparent; BTG50 was colorless, whereas BTS54 and STS45 were slightly bluish and yellowtinged, respectively. STS glass took on more yellow and black colored, when they are molten at higher temperature. The color is caused by Ti 3+ , which was confirmed ESR (Electron Spin Resonance). Therefore STS yellow-tinged should derived from Ti 3+ band. The glass transition temperature (Tg), crystallization temperature (Tx), and crystallization peak temperature (Tp) were evaluated by differential thermal analysis (DTA) (Thermo Plus TG8120, manufactured by Rigaku Co., Ltd.). Both powder and bulk samples of the as-prepared glasses, 15 mg in weight, were measured with the heating rate of 10°C/min. The as-prepared glass samples were annealed at Tg for one hour. The annealed samples were then cut into 1 cm © 1 cm © 1 mm plates. The cut planes were polished and finished using ceria to obtain mirror surfaces. BTG50, BTS54, and STS45 were crystallized by heat treatment at 740°C for 18 h, at 880°C for 9 h, and at 880°C for 9 h, respectively. These heat treatment conditions were optimized by varying several parameters to obtain crystallization of the entire glass surface. In BTG50, when it heat treated the temperature (740°C), secondary crystalline phase (BaGe 4 O 9 ) precipitated all over the glass and they act nucleating cite about primary fresnoite phase (Ba 2 TiGe 2 O 8 ) induced bulk crystallization. And when it heat treated higher the temperature, the sample sag in the middle sample. In BTS54, STS45 crystallized glass, when they heat treated higher the temperature (880°C), samples shape deform as higher temperature heat treated BTG50 and took on bluish white color which may cause two liquid phase separation. And when they heat treated lower temperature, crystal growth speed was low. Thus, they are the ideal heat treatment conditions for obtaining both high orientation and high transparency in each glass system. Crystallization propagated from the surface to the center of the glass (the thickness of the surface crystalline layer is approximately 500¯m).
The crystalline orientation and precipitation of the crystallized glasses were investigated by XRD measurements (Cu K¡ radiation). Gradual polishing of the surface to the required depth is performed to obtain its depth profile. Optical absorption and diffused reflection in both glasses and surface crystallized glasses were measured by a dual-beam spectrophotometer. Samples with thickness of 500600¯m were used for the optical absorption measurements. They were compared with 200-¯m-thick reference samples, which were prepared using the same conditions as the test samples. Diffusion reflection was measured using the 1-mm-thick plate samples.
Results and discussion

DTA and XRD measurements
The DTA results for the as-prepared glass samples are shown in Fig. 1 . Tg, Tx, and Tp values for the glasses obtained from the DTA curves depended on the glass composition and increased with increasing melting temperature Tm. On the other hand, the Tx and Tp values for BTS54 and STS45 appeared to be similar.
Surface crystallization starts from surface nucleation cite. The surface areas of the powder samples are large compared with those of the bulk samples. Therefore, the number of surface nucleation sites is larger in the powder samples than in the bulk samples. Because of facilitated heterogeneous nucleation at the surface of powder samples, rapid crystallization at Tx is observed for all cases. Moreover, in samples with a high surface crystallization tendency, rapid crystal growth is seen toward the interior of the glass with one dimensional structure, and the exothermal curves of bulk samples become smoother than those of powder samples. Therefore, the crystallization peak temperature of the bulk samples is higher than that of the powder samples. The different crystallization tendencies of the bulk and powder samples cause the large difference between their Tp, as shown in Fig. 1 . A similar discussion had been presented in detail in reference.
11)
The XRD results for the three samples are presented in Fig. 2 In a previous report, 30BaO15TiO 2 55GeO 2 (BTG55) glass was also precipitated with BaGe 4 O 9 as a secondary phase, but the precipitated amount of BaGe 4 O 9 was more than that observed in BTG50. This was because BTG50 crystallized glass is relatively closer to fresnoite stoichiometry (40BaO20TiO 2 40GeO 2 ) than BTG55. Moreover, it is also shown that the peak intensities in the XRD pattern of BTG50 crystallized glass are higher than those of BTG55. Therefore, non-stoichiometric glass can precipitate several crystalline phases. On the other hand, as stated previously, STS45 and BTS54 crystallized glasses were precipitated in single phases, although they have non-stoichiometric compositions. 87.5% of STS45 glass comprises the stoichiometric (40SrO20TiO 2 40SiO 2 ) composition of fresnoite. However, only 70 and 75% of BTS54 and BTG50, respectively, is composed of fresnoite. It may be considered that the precipitation of a single phase in BTS54 is because of an alternative influence, i.e., phase separation in the BaOTiO 2 SiO 2 glass. As is well known, BaOSiO 2 binary glass has a phase-separation region at points of low BaO content. Recently, Hijiya et al. reported that SiO 2 -rich BaOTiO 2 SiO 2 glass shows phase separation similar to that of BaOTiO 2 and SiO 2 -rich glasses. 12) In the crystallization process of the BTS54 glass, it can be considered that the crystalline phase and the residual glass phase are separated according to the following formula:
where the first term indicates the crystalline fresnoite amount of BTS54 and the remaining terms indicate the residual glass phases. According to Eq. (1), the residual glass phase is rich in SiO 2 , due to which BTS54 crystallized glass remains in separated glasses containing the fresnoite and residual non-crystalline phases. It is suggested that fresnoite Ba 2 TiSi 2 O 8 is the stable crystalline phase in the BaOTiO 2 SiO 2 glass system and that the other crystalline phases are difficult to precipitate in the system. Next, we discuss the crystal growth and its orientation properties. In the following discussions, X-ray absorption is neglected for each fresnoite crystalline sample (BaOTiO 2 GeO 2 , BaOTiO 2 SiO 2 , SrOTiO 2 SiO 2 ). In the initial surface crystallization, the crystalline domains are randomly oriented. After the completion of crystallization, oriented crystalline domains are obtained. The tendency of oriented crystal growth is because of selective growth and propagation in the fastest direction of growth by collisions among the crystal domains, i.e., geometric selection rule. Consequently, surface crystallized glass has a strong tendency of orientated crystal growth enhanced at deeper thickness from the surface. The orientation properties can be evaluated by XRD measurements of samples with polished surfaces. However, the random and/or oriented structures occur at different depths from the surface in different glass systems. In Fig. 2(a) , the surface of BTG50 crystallized glass shows weak orientation, but highly oriented crystallization along the c-axis occurs at a polishing depth of 5¯m. On the other hand, in BTS54 crystallized glass, surface orientation is not observed [ Fig. 2(b) ], and a polishing depth of 30¯m is required for obtaining c-axis orientation. In contrast, STS45 crystallized glass has strong orientation at the surface [ Fig. 2(c) ] and its high orientation property is exhibited at a polishing depth of 5¯m. Figure 3 shows the polarization micrographs of the crystallized samples. The polarization micrographs of the samples (BTG50, BTS54, and STS45) revealed an obvious difference between the extinction and diagonal positions, although the samples are polycrystalline. This strongly suggests that the crystallized samples exhibit optical anisotropy because the crystalline layer oriented along the polarization axis (i.e., the c-axis) grows on the surface of the glass samples. In this study, two set of observations were performed. In the first set of observations, the samples were exposed to high-intensity incident light in order to evaluate their texture [ Figs. 3(a)3(c) ]. The second set of observations were performed using low-intensity incident light in order to evaluate the difference between the extinction and diagonal positions, and to prevent exposure saturation of the CCD camera while evaluating the diagonal position [ Figs. 3(b-2) and 3(c-2) ].
Domain structure observations by polarization microscopy
Until now, several observations of the interior texture/ morphology of fresnoite crystallized glasses have been reported. Ding et al. observed a crystalline layer with a fibrous structure on the glass surface of 33.3BaO16.6TiO 2 50SiO 2 , which is prepared via an ultrasonic treatment. 13) In addition, by electron backscatter diffraction, Wisniewski et al. confirmed that a polar domain consisting of a fibrous fresnoite phase grew from the surface of 2BaOTiO 2 2.75SiO 2 glass; this suggested that the fibrous crystals formed a crystalline domain.
14) Therefore, it is reasonable to consider that the fibrous texture seen in Fig. 3 formed the crystalline domain, which also consists of the fresnoite phase.
The extinction ratio between the extinction and diagonal positions reveals structural homogeneity/uniformity of polarization domains. Although a transmission image was obtained for all crystallized samples because of their high optical transparency, the polarization image of the crystallized BTG50 glass didn't extinct well compared with the other samples (i.e., BTS50 and STS45). This is probably owing to the existence of a subphase in the crystalline layer. In the crystallized BTG50 glass sample, at least three types of phases are present, i.e., fresnoitetype Ba 2 TiGe 2 O 8 as the main phase and the BaGe 4 O 9 and residual glassy phases as the sub/impurity-phases, which were confirmed by the XRD analysis [ Fig. 2(a) ]. Because the BaGe 4 O 9 and residual glassy phases probably exist at the boundary between the Ba 2 TiGe 2 O 8 domains, the presence of these phases causes light scattering at the boundary. Another possibility is birefringence. The BTG fresnoite has 2-mm symmetry, which means that it has biaxial anisotropy. 15) This provides different refractive index values of n x , n y , and n z . Although c-axis orientation is accomplished, the orientation of the other axes (a-and b-axes) is random, i.e., C¨symmetry along the c-axis. Therefore, during light propagation into the plane of the crystalline layer, the incident (propagating) light is subjected to different refractive indices at the domain boundary owing to the biaxial anisotropy, leading to light scattering. Consequently, it is difficult to obtain optical transparency for the BTG50 crystallized glass, although its surface crystalline layer is uniform. On the other hand, the fresnoite-type Ba 2 TiSi 2 O 8 (BTS fresnoite) and Sr 2 TiSi 2 O 8 (STS fresnoite) possess a point group of 4 mm (i.e., C 4 symmetry along the c-direction), which means that these phases do not have biaxial anisotropy. 4) Thus, it is possible that the two factors influencing light scattering, i.e., the presence of sub-phases (BaGe 4 O 9 and residual glassy phases) and the biaxial (a) 35BaO anisotropy of the Ba 2 TiGe 2 O 8 phase, largely affect the optical transparency of BTG50 crystallized glass. Next, we found the relationship between the structure and crystalline orientation of BTS54. Cracks in the surface of BTS54 crystallized glass are observed in Fig. 3(b) . This leads to different thermal expansion coefficients for the crystalline glass and the residual matrix, regardless of the cooling rate after the crystallization treatment. In this region, the polarized structure is disordered (Fig. 3) and randomly orientated according to the XRD analysis [ Fig. 2(b) ].
Evaluation of optical transparency in the asprepared and crystallized samples
Absorption and diffuse reflection spectra of the as-prepared and crystallized samples are shown Fig. 4 . Although the glass samples appeared transparent, the BTS54 glass sample exhibited a slightly bluish color after crystallization. This is probably caused by the presence of Ti
3+
. Blue coloration is also reported in other titanosilicate glasses, and Ti 3+ induces an absorption band. In the BTS54 sample, the absorption band is considered to be due to the , and from xy to z 2 orbital, respectively. 17) Because the presence of Ti 3+ not only in the precursor glasses but also in the resulting crystalline BTG and BTS fresnoite, 18) therefore the absorption corresponding to the 2 T 2g ¼ 2 E g transition in matrix and the transitions by pentahedral coordination in fresnoite crystal and light scattering contribute to the spectrum of the crystallized samples consisting of fresnoite. In terms of the optical transparency, apparent optical absorption of the samples, particularly the BTG50 sample, tended to increase over the observation range owing to crystallization. However, to estimate the actual optical absorption of the crystallized samples, both the optical absorption (internal loss) and light scattering at the grain boundary (external loss) should be considered because the crystallized samples fabricated from the glass materials are polycrystalline. Therefore, we attempted to estimate the transparency of the glass samples and the crystallized glasses by observing their diffuse reflection spectra. In the diffusion reflection spectrum for the crystallized BTG50 sample, an optical absorption edge could be observed around 3.3 eV, and the apparent optical absorption at a large distance from the the optical edge already started increasing. It is deduced that the opacity of the BTG50 crystallized glass sample is caused by light scattering. In addition, the diffusion reflection measurement revealed the red shift of optical absorption after crystallization in the BTS54 and STS45 samples. Furthermore, these crystallized samples also generated a new absorption band around 2.8 eV, which is possibly due to Ti-related defects in glass 19) and in pentahedral TiO 5 units of Fresnoite crystal.
Origin of preferential surface crystallization
Next, we discuss the origin of preferential surface crystallization in the BTG50, BTS54 and STS45 non-stoichiometric crystallized glasses. These glasses show surface crystallization independent of sample size dimensions. On the other hand, glasses with stoichiometric fresnoite composition, i.e., 40BaO 20TiO 2 40GeO 2 , 40BaO20TiO 2 40SiO 2 , and 40SrO20TiO 2 40SiO 2 , show homogenous nucleation that leads to bulk crystallization. Bulk crystallization of 40BaO20TiO 2 40SiO 2 crystallized glass was observed by Cabral, 20) and 40BaO 20TiO 2 40GeO 2 , 40SrO20TiO 2 40SiO 2 crystallized glass was confirmed by polarization microscope at their cross-section in this study. Improvement of thermal stability is needed to prevent homogeneous nucleation. The amount of the glass-forming oxide SiO 2 or GeO 2 in the composition of non-stoichiometric glasses are higher (and lower for BaO or SrO) than that in the stoichiometric compositions. Glass-forming oxides strengthen the glass network and lead to increase in their viscosity. According to classical nucleation theory, the nucleation rate is inversely proportional to the matrix viscosity. 21) It is considered that increase in viscosity leads to decrease in matrix mobility within the glass, and surface crystallization is induced by the relative increase in mobility at the surface of the glass. However, it is not enough to only consider their viscosity because the free energy of the sample glass and the crystalline glass during quenching is significant for evaluating the stability of glass formation. Ma et al. demonstrated a glass whose melt could be easily vitrified because its composition was close to eutectic composition. 22) It is reasonable to consider that non-stoichiometric compositions cause decrease in the liquidus temperature and lead to decrease in the degree of supercooling. Subsequently, the decrease in the degree of supercooling increases the free energy of nucleation and suppresses the nucleation. In addition, Abe et al. revealed a relationship between the composition of bulk metallic glass and the phase separation region. They showed that glass compositions that can undergo stable crystallization occur far from the phase separation region. 23 ) Hence, we consider that BaOTiO 2 GeO 2 crystallized glasses have eutectic-type behavior for their liquidus temperature distribution 9) in the vitrification area, as reported by Imaoka, 24) and phase separation was not observed at that area. Considering that BTG50 composition is close to the eutectic point, BTG50 composition should have more stable crystallization than the stoichiometric composition, and this stability suppresses homogeneous nucleation. Therefore, in BTG50, preferential surface crystallization is accomplished without bulk crystallization. On the other hand, in BaOTiO 2 SiO 2 and SrOTiO 2 SiO 2 glass systems, phase separation regions exist in the vicinity of BTS54 and STS45 compositions. We confirmed that phase separation arose when the amount of BaO (or SrO) was less than 20% (25%) in each glass composition. Therefore, BaOTiO 2 SiO 2 and SrOTiO 2 SiO 2 glasses should be unstable against phase separation as the amount of SiO 2 increases (and that of BaO or SrO decreases). It appears that uniform surface crystallization of BTS54 and STS45 is accomplished by decreasing the degree of supercooling and by preventing phase separation.
Conclusions
We successfully demonstrated the formation of surface crystallizations in 35BaO15TiO 2 50GeO 2 , 28BaO18TiO 2 54SiO 2 , 35SrO15TiO 2 45SiO 2 glasses with crystallized layer having a large thickness (500¯m). DTA and XRD studies showed that a fresnoite-type crystalline glass with a high degree of orientation existed at the surface of BTG50 and STS45 crystallized glasses. In examining the optical transparency of both the precursor and crystallized glasses, formation of surface crystallized glass in BTG50 was accompanied by an excessive loss of clarity by light scattering, and the optical absorption edge of BTS54 and STS45 shifted to a lower energy. In addition, BTS54 and STS45 glasses both showed an absorption band at 2.8 eV by crystallization. Finally, in this paper, it was found that 35BaO15TiO 2 50GeO 2 , 28BaO18TiO 2 54SiO 2 , and 35SrO20TiO 2 45SiO 2 have accomplished precipitation of large thickness surface crystallized glass with high transparency. It is suggested that controlling chemical composition is an effective method to control the crystallization and transparency of these materials.
